An improved two-center model has been used to describe the elastic scattering potentials for the collision of identical nuclei. The macroscopic-microscopic approach includes liquid drop (LD) deformation energies, shell corrections and pairing energy corrections. As basis for the microscopic part a two-center shell model has been used with a Hamiltonian including a Thomas-type spinorbit potential and an correction term. The model is applied to the sudden and adiabatic type of scattering process, including a compression energy term in the LD part for the former case. Results are given as potential energy surfaces for the adiabatic scattering process and potential energy curves for the sudden scattering process.
Introduction
During the last years theoretical work on heavy ion reactions has become more and more interesting as facilities for mutual scattering of heavier and heavier nuclei with increasing energies are becoming available. During such a collision many reactions occur. In this paper we deal with the elastic scattering of identical particles and investigate the real part of the nucleus-nucleus potentials. The investigation of these potentials may illuminate the connection between nuclear fusion and nuclear fission as well as the problem of the existence of nuclear molecules.
Experimental data on elastic scattering (excitation functions, angular distributions) can be reproduced by optical potentials 1 . Such potentials contain no theoretical interpretation and are not unique, so that they represent merely a kind of parametrization of the experimental data. It therefore is of great physical interest to derive optical potentials from more basic knowledge about the nuclear structure. To that end phenomenological collective models 2 ' 3 as well as microscopic models 4 have been developed.
From the theory of fission it is well known that neither the pure microscopic (shell) nor the pure macroscopic (liquid drop) model describes the potential properly. The best description of fission has been achieved by a hybrid approach, also known as a shell correction method, developed by Strutinsky 5 .
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It was a quite natural step to use this model for the construction of real parts of optical nucleus-nucleus potentials. Here we use the deformation parameters of the compound system 6 rather than the relative distance of the two colliding nuclei. This description has already been used 4 ' 7 > 8 , but the macroscopic part of the model was too rough, so that the Coulomb-harriers were too high and the binding energy differences between the ground state of the colliding nuclei and the compound system were difficult to reproduce.
In this work an improved parametrization of the macroscopic part of the model has been developed (Section 2). Also an improved two-center single particle potential for the shell correction calculations is used. The prescription that the liquid drop (LD) surface should coincide with the nuclear equipotential surface which contains the nuclear volume, yields the connection to the single particle model which is then described in Section 3. Our systematic study of the sudden type potentials (connected with the appearance of nuclear compression) shows that even in the scattering of very heavy ions nuclear molecules may be observed. We also investigate numerous potential energy surfaces (PES) of the adiabatic type. The sudden and adiabatic potentials serve as limiting cases: For actual reactions the potentials are expected to be between the two, possibly closer to the latter one. The construction of the potentials and, finally, the results of our study on the sudden and adiabatic type scattering potentials are presented in Sects. 4 and 5. Section 6 contains the conclusions.
Throughout the paper we make use of the rotational symmetry of the potential as well as of the reflexion symmetry with respect to the middle plane.
Macroscopic Part of the Model
As mentioned in Sect. 1 we are going to use the deformation parameters of the compound nucleus for the construction of the potential rather than the relative distance of the colliding nuclei. As usual,
we let the surface of the liquid drop shape coincide with that equipotential surface F0 of the two-center shell model which contains the nuclear volume.
Liquid Drop Deformation Energies for the Adiabatic Processes
We write the generating function of the shapes in cylindrical coordinates as
where b, c and d still depend on V0, z0, ß, h and /0 .
The coordinate z is defined as The geometrical meaning of the deformation parameter h can be illuminated as follows: At the neck the radius of the compound system is given by the expression D = a(l -h) l l*. One can prove that for two separated ions D becomes imaginary (/i> 1). This was the reason we used h as a deformation parameter rather then D. 
We may notice that Eld has only one minimum for 0 < /0 ^ 6 £. The fact that we are using pure ellipsoidal shapes for 1 z j ^ z0 leads to /0 = 1 in this outer region. The liquid drop deformation energy £ld is defined as usual: 10 . We use two sets of LDM constants: The Lysekil set given by Myers and Swiatecki 11 for £ld without curvature energy contribution, and the set given by Groote and Hilf 12 for Eld containing this contribution. Some calculations have also been made with the Leysin set of LDM constants given by Seeger 13 . All these authors use the constant r0 from the empirical law R « r0A l/3 also as a LDM constant. Since in their work they investigated only the nuclei with A ^ 40, but we are dealing also with the nuclei with A< 40, we shall use the experimental values of Tq in our calculations. Table I shows the r.m.s. radii and the corresponding r0 for all the nuclei taken into consideration.
Liquid Drop Deformation Energies for the

Sudden Processes
We assume that even for extremely sudded processes the nucleons in the nuclei are moving in some average potential and thus there exists some average density during the scattering process. (The effects of the deviation from our assumption are studied in Ref. 14 .) That allows us to construct the scattering potential by means of the potential energy surfaces. As during the sudden scattering process the individual properties of the scattered nucleus should be conserved as far as possible, we are going to describe it by (/? 2 (a;)) 1/2 = (R 2 (z0= oo )) 1/2 , i.e. the r.m.s. radii should be kept constant throughout the whole process. This causes, of course, a loss of volume and increase of nuclear density in the compound nucleus which yields compression energy. The assumption of uniform density distribution even within the compression zone should be understood as a crude approximation arising from the nondynamical (static) treatment of the compression degree of freedom. The uniform density distribution is given by:
where f(aj) is the nuclear volume for the parameter set a;. We follow the suggestion of Scheid 15 and set where £>0 is the density without compression and af0m a model constant which has to be determined.
Using Eq. (10) 
where as is the LDM constant and <7s(a;) =S(aj)/S0
is the usual surface ratio. Equation (13) indicates that the surface energy becomes volume dependent as in Ref. 3 .
The resulting liquid drop energy for the sudden process is given by
+-^coul ( a i) + -£com( a i) + £pair where the surface energy ESur{ is now given by Eq.
(13) and the compression energy is given by Equation (11) the value For the model constant at.om of Eq. (11) A^MeV which yields the compression energy EC0m as a function of the nuclear volume.
is used, as given in Ref. 3 . This value produces the compression energy of 89 MeV for 32 S when compressed to the volume of an 16 16 . If the total energy is calculated by the method of single particle energy summation, this difference turns out to be 270 MeV, which seems too high.
Microscopic Part of the Model
Two-Center Shell Model
The basis of the two-center shell model (TCSM) was given originally by Holzer et alias 1 '. Its refined potential can be denoted in cyclindrical coordinates as follows
where M is the nucleon mass (M/h 2 = 0.024106 MeV -1 fm -2 ). The Hamiltonian of the TCSM has the form
The spin-orbit potential V/s is of Thomas-type
The Vi-potential of the Nilsson model cannot be adapted in an analogous form, because there exists no set of the parameters {x, JLI} that reproduce the observed level sequence 18 . Therefore, we keep the / 2 -term in the usual manner
where cox is the asymptotic frequency of the colliding nuclei. Further, means that we are considering only the contribution of the diagonal matrix elements. As usual for the phenomenological shell model, we identify the equipotential surface V^lMo&R 2 (19) as a nuclear surface. R0 is the equivalent uniform radius that can be calculated from r.m.s. radius
We only notice that the spectra show the desirable asymptotic behaviour 17 ' 19 ' 20 in both, the sudden and the adiabatic case ( Figure 2 ). Here we need the energy levels for the calculation of the shell corrections. Therefore, we take only as many basis states as needed for their convergence to 10 keV accuracy. We found that we need, e.g. 150 basis states for the 12 C-12 C-and 600 basis states for 238 U-238 U-system.
While for the basis one only has to calculate the quantum numbers as function of the deformation, the definition of some interpolation prescription for the strength coefficients y. and of the V/s and Vf terms as a function of the deformation parameters is needed. The initial values x.\ and /u; for the independent nuclei and the final values y.f and //f of the compound nucleus are well known 18 ' 21 (see Figure 3) . In the sudden case we want to conserve In the interpolation prescription we use, y. and JA depend only indirectly on the deformation parameters. We define namely the "intermediate mass number" A (a;) as follows: 
Construction of the Scattering Potentials
Until now we were interested only in the conservation of the volume of that equipotential surface which corresponds to the nuclear surface ("surface volume conservation"). This kind of conservation gave us the connection between the macroscopic and the microscopic part of the model. For this purpose we have to determine the surface potential V0 which appears in (19) . As we are also dealing with nuclei with A <40 for which r0 is not constant we redetermine the usual 
Shell Correction and Pairing Energy Corrections
For the calculation of Strutinsky's shell correction ÖU we used Tsang's sixth order polynomial 22 and a smearing width r= 1.2 h co0(aj). The insensitivity of ÖU on T for 1 h «0 < T < 2 h w0 (Ref. 22 )
is confirmed in the case of light and heavy nuclei, but for the super-heavies it is generally not obeyed (see Figure 4) . It might be possible that higher The BCS-theory defines the total energy 23 as (e. g. for protons) :
where the sums are over the single particle levels i with the energies £; occupied by two particles each.
Mosel 25 defined the pairing energy corrections as:
AP = El es + £ Jc s -2 2 «(p) -2 2 «i (n) (26)
and used the pairing strength G as a free parameter. Nilsson et al. 22 are using the same expression, but they include only 15 proton respectively neutron levels below and above the proton or neutron Fermilevel. Equation (31) includes the assumption that the LDM constants are fitted to the experimental masses without any support from pairing energy, which may not be true, as the LDM constants contain the smooth trend of the pairing energy. This definition may therefore be reasonable for the calculation of the deformation energy by the method of summation of single particle energies. As we are using Strutinsky's method for the shell corrections, we also have to use his method for the pairing energy corrections 5 .
Definition of the Scattering Potential
In analogy to the fission potential the scattering potential is defined by means of the deformation energy £ D («;). Within the macroscopic-microscopic method £ D (a;) is usually given by 5 :
with <51/(aj =dUz(ai) +<dUN{ai) and SP(ai) =•-dP% (et;) +<5/ , N( ot i) as shell and pairing energy correction respectively. The scattering potential can now be defined as:
i. e. the numerical value of the scattering potential for the deformation a; is the difference between the deformation energy of the system at this deformation, £' D (ai), and the deformation energy of two infinitely separated (Az = oc ) nuclei in their ground state £ D (GS).
Results and Discussion
From the definition of the scattering potential (28) it is obvious, that the TCSM describes only c) 24 Mg-24 Mg (Fig. 32) In this case there exist two saddles at the touching line h = 1. The saddle at zfz = llfm has the height of 19.8 MeV while the height of the other one at Az = 9 fm is 20.3 MeV. In between one finds a maximum of 21.7 MeV. Obviously there exist two paths through this PES and one can expect that these two possible scattering processes interfere. Only dynamic calculations can clarify this point. It should be interesting indeed to study the excitation function in this energy region. From this PES the deformed ground state of 48 Cr (Az = 1 im, h = 0) can be predicted. At the touching line [h = 1) two saddles appear (at Az= 11 fm and Az = 9im, respectively) which lead to two collision paths through this PES. The compound nucleus 48 Cr has a deformed ground state (Jz = l fm, h = 0).
d) 28 Si-28 Si (Fig. 33) Between Az = 0 and Az = 3 fm, h = 0, one can find a valley of uniform depth ( -27 MeV) which describes the quite complicated ground state of 5C Ni.
A second flat minimum is situated at very large prolate deformation Zlz = 12fm. It is obvious that this minimum with the depth of -3.7 MeV has no influence on the ground state shape, but it is possible that it has some influence on the scattering path.
The Coulomb barrier, which can be found at Az -14 fm, is somewhat underestimated 31 . The appearance of the Coulomb barrier at such large prolate deformations is due to the softness of the 28 Si nuclei which can be easily deformed even before touching.
e) 32 S-32 S (Fig. 34) The structure of this PES is similar to the one of 28 Si- 28 Si. The shell correction effect at large prolate deformation is still present (Zl.z=15fm). The Coulomb barrier can be found at zlz=11.5fm which indicates that the 32 S nucleus is more difficult to deform than the 28 Si nucleus. The compound system has two minima: a spherical one with -14.3 MeV depth and a deformed one at Az = 2 fm, h = 0 with -13.7 MeV depth. This configuration describes an anharmonic vibrational nucleus which we also expect for the 32 S nucleus itself. f) 238U.238U ( Fig-35) The investigation of this superheavy system shows that there exists no minimum for the compound system. The compound system, even readied, should immediately undergo fission, at least with respect to symmetric fission. Otherwise it is possible that the asymmetry effects may produce a quasi stable state during rearrangement from the symmetric to the asymmetric geometrical shape. The electronic binding energy may also cause the same effect. An investigation on that point is in progress.
The Coulomb barrier can be determined by a change in the potential gradient somewhere between Az =19 and Zfz = 21fm.
All PES are calculated using steps of 1 fm in /Indirection and 0.1 in A-direction. The computation time was between 0.5 and 2 min/deformation point on the UNIVAC 1108, depending on the number of the basis set functions used.
Concluding Remarks
In this article we have calculated real scattering potentials using the Two Center Shell Model (TCSM). In the macroscopic part of the model we improved the nuclear shape parametrization and connected it successfully with an improved microscopic part. That enabled us to describe most of the possible nuclear shapes that may occur during the scattering process, starting with the separated ions up to the compound nucleus. This description has been used for two types of possible scattering processes, the adiabatic and the sudden one.
We described the static effects of nuclear collision. It is natural to proceed to dynamic calculations containing besides the static potentials also the dynamic masses. It should also be noted that our results are in good agreement with the scattering potentials calculated within the framework of the HartreeFock model 30 
